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We consider the nonequilibrium thermodynamic state of carriers in III-nitrides, and calculate the
mobility of holes in cubic GaN layers under electric fields of low intensity. The contribution of
different scattering mechanisms to the mobility is analyzed, and the relevance of each one is
characterized. Satisfactory agreement with recently published experimental data is
obtained. ©2004 American Institute of Physics.@DOI: 10.1063/1.1690865#
I. INTRODUCTION
After the successful development of III-nitrides-based
lasers, considerable effort is being centered on taking advan-
tage of their thermal stability, high-breakdown voltage, and
transport characteristics, for the implementation of high-
power and high-temperature electronics, principally in the
microwave power range of electronic applications.1–3 Seek-
ing device optimization, a key aspect is the search to increase
the carriers’ mobility, which can be pursued through the im-
provement of the growth techniques, with, e.g., reduction of
dislocations and point defects, dimensional reduction~going
from bulk to two-dimensional heterostructure-based de-
vices!, and choice of the crystalline phase, once III-nitrides
in the zincblende~cubic! phase have better electronic trans-
port properties than the hexagonal~wurtzite! phase, in either
the steady state4 or the transient regime.5,6
In the last few years, a marked increase in the electron
mobility, Mc , in bulk wurtzite GaN films was obtained,
with presently recorded values of about 1200 cm2/Vs at 300
K, and 7300 cm2/Vs at 77 K in samples with carrier densi-
ties of the order of 1018 cm23.7–9 On the other hand, due to
difficulties in the growing processes, there exist scarce mea-
surements of mobility in bulk zincblende films, but mobility
values of about 530 cm2/Vs at 300 K and 10000 cm2/Vs at
77 K have been obtained in samples with carrier densities of
the order of 1018 cm23.10–12 A recent two-dimensional
Monte Carlo simulation indicating that a 50% gain in perfor-
mance can be obtained for a zincblende–GaN MESFET as
compared with one based in wurtzite–GaN,13 and the fact
that good improvements have been attained on the growth
techniques of zincblende GaN,14 suggests that the zincblende
family of these materials may provide technological advan-
tages. In the theoretical analysis of the experimental results,
generally based on the Boltzmann-equation formalism and
with agreement varying from broad to very good,15–18one or
more open parameters are usually considered to take into
account effects like degenerate layers, carrier compensation,
dislocations, etc.
In this work, we perform a parameter-free calculation of
the hole mobility in zincblende GaN within the framework of
the nonequilibrium statistical ensemble formalism.19,20 The
contribution of different scattering mechanisms to the hole
mobility is analyzed, and the relevance of each one is char-
acterized. The results we obtain compare well with recently
published experimental data.12
II. MOBILITY OF HOLES IN CUBIC GAN
Let us analyze the experimental measurement reported
by Fernandezet al.12 Their sample consists of intrinsic cubic
GaN ~c–GaN! MBE-grown epitaxial layers 0.8mm thick.
Hall measurements at 0.5 T magnetic field were performed to
obtain hole concentrations and mobilities in the temperature
range 10–350 K. Due to the presence of an intrinsic acceptor
level, the background hole concentration changed fromp
53.731013 cm23 at 100 K top52.031016 cm23 at 350 K,
and an acceptor concentrationNA54310
18 cm23 was esti-
mated for the nominally undoped sample. The electric field
applied to the c–GaN MBE-grown epitaxial layers is weak,
and the hole system is in the condition corresponding to the
lower part of the ohmic region. Hence, under such weak
excitation, in regards to the nonequilibruim thermodynamic
tate of the system, we can consider thatTh* .TLO* .TTO*
.TAC* .T0.300 K, which concerns the quasitemperatures
of holes, optical longitudinalLO, optical transversalTO,
and acousticAC phonons, and bath temperature, respec-
tively. In respect to the concentrationnh of holes, we recall
that the impurity concentrationNA is roughly 4
31018 cm23, and thereforenh is smaller than this value~i.e.,
it is the concentration of the carriers freed in thermal ioniza-
JOURNAL OF APPLIED PHYSICS VOLUME 95, NUMBER 9 1 MAY 2004
49140021-8979/2004/95(9)/4914/4/$22.00 © 2004 American Institute of Physics
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
143.106.1.143 On: Thu, 17 Jul 2014 17:04:47
tion of the impurity states!, the whole ionization occurring at
the Mott transition point, which corresponds approximately
to a temperature of 1930 K.21
The density of mobile holes is determined from the ex-
periment, and shown in Fig. 1. Notice the smooth increase at
low temperatures, say, up to 260 K, followed by an exponen-
tial growth for temperatures above 260 K, satisfying an
Arrehnius-type law characterized by an excitation energy,
EA , of approximately 166 meV. Solving nonlinear transport
equations22,23 for the range of temperatures in the interval
80–350 K, the above given concentration of impurities, the
values of the holes’ concentration as given by Fig. 1, and the
c–GaN parameters as given in Table I, we obtain, in the limit
of weak fields~lower part of the ohmic region of the con-
ductivity!, the mobility as shown by the full line in Fig. 2,
without using any adjustment parameter.
In Fig. 2, a good qualitative and semiquantitative agree-
ment between the theoretical and experimental results can be
seen. The differences that can be noticed at the lower and the
higher temperatures can be ascribed to indeterminacies in the
theoretical calculation due to:~i! the inaccuracy existing so
far concerning the value of the hole effective mass;24,25~ii ! at
low temperatures, the inaccuracy in the value of the density
of impurities~the corresponding scattering operator is sensi-
tive to it; it can be shown that if instead of the reported
estimated value of 431018 cm23 the value of 6
31018 cm23 is used, the agreement becomes better!; ~iii ! at
high temperatures, there is a predominance of the scattering
due to Fro¨hlich interaction, which in the calculations has
been used in the form of a bare Fro¨hlich potential, but at the
involved holes’ concentrations, screening effects may be-
come relevant, and then the resulting mobility would in-
crease, leading to a better agreement with the experimental
results~we have verified this in a rough modeling!; ~iv! fi-
nally, we have assumed the Hall scattering factorr H51 in
the expressionmH5r HMc , wheremH is the experimental
Hall data mobility, when comparing the theoretical result
with the experimental data. If the weak temperature depen-
dence of the Hall factor is considered~a variation of the
order of 10%!, a better agreement can be obtained sincer H
can be considerably higher than 1 at low temperature, but
very close to 1 at high temperature.26
A detailed analysis of the theoretical results~see Fig. 3!
shows that at low temperatures, scattering by impurities is
the leading mechanism determining the mobility~as ex-
pected, once this is the domain of the so-called residual
resistivity27!. For intermediate to high temperatures~roughly
above 200 K in Fig. 3! the leading mechanism determining
the mobility is the one due to scattering by phonons; but, out
of all the possibilities, namely, deformation potential, piezo-
electric, and polar interaction, the latter—i.e., Fro¨hlich po-
tential involving theLO phonons—provides in large the main
contribution ~to be expected in these strong polar semicon-
FIG. 1. The concentration of holes in terms of the lattice temperature in
c–GaN in the experimental conditions of Ref. 12. FIG. 2. Temperature dependence of the mobility in c–GaN in the conditions
of the experiment of Ref. 12. Full line is the theoreticaly calculated mobil-
ity; dots are experimental data from Ref. 12.
FIG. 3. Contribution to the mobility from the different scattering mecha-
nisms@see Eq.~1!#.
TABLE I. Parameters of the c–GaN used in the numerical solution of the
transport equations.
Hole effective mass (m0) 0.86 c–GaN lattice constant~Å! 4.5
LO-phonon energy~meV! 92 Optical dielectric constante` 5.35
Density (g/cm3) 6.09 Static dielectric constante0 9.5
Sound velocity~cm/s! 4.4 Piezoelectric constant (C/m2) 0.56
Band gap energy~eV! 3.4 Acoustic def. potential E1h ~eV! 4.02
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ductors!. We call attention to the fact that the mobility fol-
lows a Mathiessen-type rule, i.e., the reciprocal of the total
mobility is the sum of the reciprocals of the contributions











where the indicespo, imp, pz, anddp stand for the contri-
butions from polar optical~Fröhlich!, impurities, piezoelec-
tric, and deformation potential contributions, respectively.
III. CONCLUDING REMARKS
Despite the continuing improvement on the growth tech-
niques of III-nitrides during the last years, basic data result-
ing from optical and transport characterization remain highly
dependent still on the sample used in the experiments. In
general, an improved fitting of Hall mobility data, for ex-
ample, is attained when fine details of the samples—like the
existence of interfacial layers with a high density of disloca-
tions, which give rise to an-type charged region—are taken
into account by theoretical models, as in the two-layer model
sample description.8,26 This explain why records on the car-
riers’ Hall mobility are being reported frequently, while the
basic mechanisms allowing a deep understanding are still a
point of debate, in either doped8,15–18,26 or undoped GaN
samples.28,29
In this work, we have presented numerical solutions of
transport equations based on the nonequilibrium statistical
ensemble formalism for holes in c–GaN. We showed that the
dependence of their mobility on the lattice temperature~at
low fields! may change an order of magnitude when going
from low temperatures~scattering by impurities predomi-
nates! to, say, room temperatures~when scattering byLO
phonons via Fro¨hlich potential predominates!. We have
learned that the scattering by impurities is dependent on the
density of impurities, and the scattering by polarLO phonons
is sensitive to the density of mobile carriers and also to the
temperature, in that they determine the screening parameter
in Fröhlich potential. Evidently, going over conditions of not
too low field intensities, the mobility—as already noticed in
the first part of this work—becomes dependent on the whole
characterization of the nonequilibrium thermodynamic state
of the system.
It can be noticed that the theoretical results we have
derived compare well with the experimental data of Fernan-
dez et al.,12 without using any adjustable parameter. This
means that we have probably retained the most important
features of the Hall mobility problem of holes in c–GaN
under a low electric field, while indicating factors like the
absence of a precise knowledge of the hole’s effective mass,
the inaccuracy in the determination of the impurities’ density,
influence of screening effects, and the temperature depen-
dence of the Hall scattering, as necessary for an improved
description. Our results are stimulating in the sense to en-
courage the search for new data on carriers’ mobility in bulk
III-nitrides to be explained within the framework of the non-
equilibrium statistical thermodynamics, and the possibility in
the near future to investigate the role of the scattering by
dislocations on the mobility of III-nitrides within the scheme
presented here.
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